cleavage on a pair of recombination signals in accordance with the 12/23 rule (Eastman et al., 1996; van Laboratory of Molecular Biology Gent et al., 1996b). National Institute of Diabetes RAG-mediated cleavage occurs in two defined chemiand Digestive and Kidney Diseases cal steps . First, RAG1 and RAG2 National Institutes of Health introduce a nick at the 5Ј end of the signal heptamer at Bethesda, Maryland 20892-0540 the border with the coding DNA. In the second step, RAG1 and RAG2 convert the nick to a double-strand break, generating a blunt 5Ј-phosphorylated signal end Summary and a hairpin coding end. The latter step is accomplished via a direct transesterification reaction and reThe RAG1 and RAG2 proteins initiate V(D)J recombinaquires no exogenous energy source (van Gent et al., tion by making specific double-strand DNA breaks at 1996a). This is of particular interest since two other rerecombination signal sequences. We show here that combination proteins, the MuA transposase and HIV RAG1 and RAG2 bind specifically to this sequence, integrase, have also been shown to utilize direct transesforming a stable protein-DNA complex. The complex terification in strand-transfer reactions (Engelman et al., requires the conserved heptamer and nonamer motifs 1991; Mizuuchi and Adzuma, 1991), suggesting a mechof the recombination signal as well as both the RAG1
. Binding of RAG1 and RAG2 to the RSS Is SequenceSpecific Binding reactions containing 0.02 pmol 32 P-labeled 12-RSS substrate were carried out in the presence of Mg 2ϩ with the specified ratios of unlabeled competitor DNA to substrate DNA (competitor ratio). Specific competitor (lanes 1-5) was constructed from oligonucleotides DAR39/40, and nonspecific competitor (lanes 6-10) was constructed from DAR81/82 (Ramsden et al., 1996) . Reactions were started by the addition of RAG proteins (0.1 g), incubated for 10 min at 37ЊC, and stopped by fixation with glutaraldehyde.
was formed in a concentration-dependent manner (Figure 1B) .
Incubation of RAG1 and RAG2 with a 23-RSS substrate produced a similar band shift ( Figure 1C , lane 4), but binding to the 23-RSS was about 6-fold less efficient. Binding to an oligonucleotide substrate without a recombination signal sequence was very much weaker. data revealed a 50-fold preference for binding to a 12-Dried gels were analyzed using a Phosphorimager. glutaraldehyde fixation) without significant reduction in binding (data not shown).
Results

Requirements for Binding
Cleavage of recombination signal sequences in vitro RAG1 and RAG2 Bind Specifically to a V(D)J requires both RAG1 and RAG2 proteins (McBlane et al., Recombination Signal Sequence 1995) . Since the RAG1 and RAG2 proteins used in the In previous studies, synthetic oligonucleotide subabove binding experiments were coexpressed and costrates were used to demonstrate that RAG1 and RAG2 purified from Sf9 insect cells, we wished to determine proteins are sufficient for in vitro cleavage at an RSS if either RAG1 or RAG2 alone was able to bind the recom- . Here, we use similar oligonucleobination signal sequence. To this end, RAG1 by itself tide substrates ( Figure 1A ) in a gel retardation assay, to was expressed and purified from insect cells using a investigate specific binding to the RSS by RAG1 and baculovirus system. Because RAG2 protein expressed RAG2. Increasing amounts of RAG1 and RAG2 proteins in insect cells without RAG1 is essentially inactive, we were incubated with 12-RSS DNA in a buffer containing used RAG2 protein expressed in HeLa cells using a Mg 2ϩ , followed by fixation with glutaraldehyde. Analyvaccinia virus-expression system . sis of the products by polyacrylamide gel electropho-
The combination of these proteins was active in V(D)J cleavage. resis revealed a defined protein-DNA complex that When either RAG1 alone or RAG2 alone was incubated with a 12-RSS substrate in the presence of Mg 2ϩ , DNA binding was not detected after glutaraldehyde fixation ( Figure 3A , lanes 2 and 3). However, incubation of both RAG1 and RAG2 proteins with 12-RSS DNA led to the formation of a binding complex with similar gel mobility to that observed with coexpressed RAG1 and RAG2 (compare Figure 3A, lanes 4 and 5) . Hence, formation of a stable binding complex under these conditions is dependent on the presence of both RAG1 and RAG2 proteins.
To determine which elements of the RSS are necessary for the formation of a stable binding complex, we used oligonucleotide substrates in which the heptamer or nonamer motifs of the RSS were mutated. When the entire heptamer was substituted with an unrelated DNA sequence, we observed a 25-fold reduction in binding by RAG1 and RAG2 ( Figure 3B , lane 4). Similarly, binding was decreased 10-fold with substrate lacking a recognizable nonamer motif ( Figure 3B , lane 10). Because it has been shown that the first three bases of the heptamer motif are the most critical for cleavage (Ramsden et al., 1996) , we tested changes in each part of the heptamer separately. In the binding assay, we found that mutation of either the first three or the last four bases of the heptamer produced only a moderate reduction in binding (2.5-and 4-fold, respectively) compared to a wild-type signal sequence ( Figure 3B , lanes 6 and 8). These results suggest that formation of a stable binding complex by RAG1 and RAG2 requires both the heptamer and nonamer motifs of the RSS. In contrast to the cleavage reaction, binding is not absolutely dependent on the first three bases of the heptamer.
The signal-end product of RAG-mediated cleavage retains both the heptamer and nonamer sequences implicated in binding by RAG1 and RAG2 (see above). However, under our normal binding conditions we ob- binding complexes contained nicked or full-length DNA.
We conclude that they are able to form a stable complex with either intact or nicked DNA. In confirmation, prenicked DNA was also efficiently bound by the RAG proteins (data not shown).
In the experiments described above, the crosslinking agent glutaraldehyde was used to aid detection of protein-DNA complexes by gel electrophoresis. This crosslinker acts on free amine groups to form covalent bonds that stabilize both protein-protein and protein-DNA interactions. Additional data (not shown) suggest that the complexes observed here are primarily crosslinked via protein-protein interactions. More recently, we have detected stable binding without the need for crosslinking (data not shown).
Effects of Different Divalent Cations
As also observed for the cleavage reaction, stable binding of the RAG proteins to an RSS requires a divalent cation. When the metal ion was replaced by EDTA, binding was abolished ( Figure 5A , lane 8). What are the divalent cation requirements for the formation of a stable binding complex with the RSS? Although in previous experiments binding was carried out in a buffer containing 1-10 mM Mg 2ϩ ( Figure 5A , lanes 2 and 3), efficient binding was also observed in 1 mM Mn 2ϩ or 1 mM Ca 2ϩ . and 4). In Ca 2ϩ , neither step of the reaction was performed efficiently ( Figure 5B , lane 2). Furthermore, when Binding reactions were carried out for 10 min at 37ЊC the first step of the cleavage reaction was bypassed by with Mg 2ϩ , and the resulting complexes were analyzed providing a prenicked DNA substrate, RAG1 and RAG2 by 2-D gel electrophoresis (as described in Figure 4A ).
were still unable to process the nicked intermediates to In the first dimension (native), bound complexes were hairpin DNA products in Ca 2ϩ (data not shown). separated from unbound DNA, and in the second dimension, nicked DNA was separated from full-length DNA by denaturing gel electrophoresis. Under these conditions, The Stable Binding Complex Is a Precursor for Cleavage the complexes contained only nicked DNA molecules (data not shown). However, because the nicking reaction Because Ca 2ϩ supports binding but not nicking or hairpin formation, it was possible to examine whether the is rapid at 37ЊC, it was still possible that the RAG proteins had initially bound to intact DNA, followed swiftly by stable, competitor-resistant complex was able to perform either or both chemical steps of the cleavage reacnicking adjacent to the recombination signal. To examine this possibility, we slowed the nicking reaction by tion. RAG1 and RAG2 were preincubated in the presence of Ca 2ϩ for 10 min. Next, excess unlabeled 12-RSS comlowering the binding temperature to 25ЊC and examined the state of the DNA within the bound complex. Binding petitor DNA was added to soak up unbound RAG1 and RAG2 proteins. The ability of the preformed complex reactions were carried out in 10 mM Mg 2ϩ for 0, 5, 15, or 30 min prior to fixation with glutaraldehyde and analyto perform cleavage was assayed by the subsequent addition of Mg 2ϩ or Mn 2ϩ
. The complex, preformed in sis by 2-D gel electrophoresis. After 5 min, we observed binding complexes containing predominantly uncleaved Ca 2ϩ and chased with Mg 2ϩ or Mn 2ϩ in the presence of competitor, efficiently performed nicking or hairpin DNA, implying that a nick was not a prerequisite for assembly of the stable binding complex ( Figure 4B ).
formation respectively (Figure 6 , lanes 4 and 8). As expected, when formation of binding complexes was After longer incubation times, we observed an increase in the proportion of complexes containing nicked DNA blocked by the addition of competitor DNA in the preincubation step, no nicking or hairpin formation was and a concomitant decrease in complexes with uncleaved DNA. Hence, RAG1 and RAG2 bind stably to detected after the chase with Mg 2ϩ or Mn 2ϩ ( Figure 6,  lanes 3 and 7) . Likewise, when cleavage was carried out the intact RSS and subsequently introduce a specific nick at the border between the signal and coding DNA.
without the preincubation step but in the presence of sequence-specific; RAG1 and RAG2 bind to oligonucleotide substrates that contain a functional RSS much more strongly than to substrates without this sequence , nicking can take place, and in Mn 2ϩ , both nicking 6, lanes 2 and 6).
and hairpin formation are observed. Because the stable preformed complex supports the later chemical steps of cleavage, we refer to it as a "stable cleavage comDiscussion plex" (SCC). As previously described, cleavage by the RAG proWe examined the specific interaction of the RAG1 and RAG2 proteins with the V(D)J recombination signal seteins occurs by a mechanism similar to those used by the Mu transposase and HIV integrase (Engelman et quence in a band shift assay. The requirements for binding are similar to those of the cleavage reaction. Effecal., 1991; Mizuuchi and Adzuma, 1991; van Gent et al., 1996a) . It is therefore intriguing that a related cation tive complex formation is only observed when both the RAG1 and RAG2 proteins and a divalent metal ion are dependence has also been observed for these two systems (Mizuuchi et al., 1992; Ellison and Brown, 1994) . present. Furthermore, binding by RAG1 and RAG2 is Both HIV integrase and MuA are able to bind DNA to and therefore akin to cleaved signal ends, are not bound by RAG1 and RAG2. Similarly, signal ends generated by form complexes that are trapped in the presence of Ca 2ϩ . It has been proposed for MuA that cation selectiv-RAG-mediated cleavage are not bound by RAG1 and RAG2. Since these substrates lack a contiguous coding ity may reflect conformational differences in the active site at each step of the reaction, or that there may be flank, we conclude that the coding DNA must play a role in stabilizing the association of the RAG proteins with the differences in the way the specific nucleophiles for each step of the reaction are activated within the active site recombination signal in the SCC. Hence, in our system, cleavage at a single recombination signal destabilizes (Savilahti et al., 1995) . Either option may apply to the RAG system. A less likely possibility is that separate the SCC, resulting in dissociation of the RAG proteins from the cleaved signal-end product. However, it must active sites are utilized for nicking and hairpin formation.
Assembly of the SCC depends on a number of imporbe stressed that coupled cleavage at a pair of RSSs in a synaptic complex may impose additional interactions tant interactions. First, stable binding to the RSS requires both RAG1 and RAG2. Since neither RAG protein that enable RAG1 and RAG2 to remain bound to the RSSs after cleavage has occurred. The persistence of by itself stably binds DNA under our conditions, it is likely that protein-protein interactions between RAG1 a synaptic complex would be helpful in assuring the subsequent joining of correct pairs of ends. and RAG2 are necessary to stabilize binding at the RSS. However, these interactions may only become signifiIn vivo, cleavage at a recombination signal is highly coupled between pairs of signals and probably involves cant in the context of RAG proteins bound to DNA.
Examination of the DNA-sequence requirements the formation of a synaptic complex containing both RSSs as well as the RAG proteins. The SCC described shows that both the conserved heptamer and nonamer sequences are essential for assembly of the stable here at a single recombination site can be envisaged as a precursor to formation of the synaptic complex. The cleavage complex. Substitution of the entire nonamer or heptamer with unrelated DNA reduced binding by 10-SCC may thus represent a long-lived intermediate in the recombination reaction that could facilitate formation of fold or 25-fold, respectively ( Figure 3B ), suggesting that the RAG proteins interact directly with both sequence a synaptic complex when a 12-spacer SCC encounters a 23-spacer SCC. motifs. This result is in contrast to recent reports that RAG1 alone is able to bind the nonamer motif (Difilippan- Figure 7 presents a schematic model of V(D)J cleavage based on the experiments presented here. Initially, tonio et al., 1996; Spanopoulou et al., 1996) . However, the assays used to examine RAG1 binding did not differin the presence of a divalent cation (Mg 2ϩ , Mn 2ϩ , or Ca 2ϩ ), RAG1 and RAG2 bind specifically to the RSS, entiate between stable binding and transient interaction. While it is possible that RAG1 first interacts primarily making sequence-specific contacts with the heptamer and nonamer sequences. Additional nonspecific interwith the nonamer, it is clear from the experiments presented here that stable binding to produce a functional actions between the RAG proteins and the coding-flank DNA stabilize the complex, as do protein-protein intercomplex requires both the heptamer and nonamer sequences.
actions between RAG1 and RAG2. Binding by the RAG proteins most likely involves local distortion or bending It has been shown previously that the first three bases of the heptamer are critically important for RAG-mediof the DNA helix in the vicinity of the RSS (Cuomo et al., 1996; Ramsden et al., 1996) In Ca 2ϩ , this SCC is ated cleavage (Ramsden et al., 1996) . However, mutation at these three positions produced only a moderate trapped. Addition of Mg 2ϩ or Mn 2ϩ activates the SCC to perform nicking or hairpin formation, respectively. Upon reduction in RSS binding by RAG1 and RAG2, suggesting that protein-DNA interactions at the first three cleavage in Mn 2ϩ , binding to the single RSS is destabilized, resulting in dissociation of RAG1 and RAG2 from positions of the heptamer are involved in the chemical steps of cleavage rather than assembly of a binding the cleaved signal-end product. complex. A further difference between cleavage and binding concerns the role of the heptamer. Previously,
Experimental Procedures
it was inferred from cleavage competition experiments that the nonamer was most significant for initial binding to a final concentration of 0.1% (v/v) followed by 10 min. of incubation at 37ЊC. To each reaction, 4 l of gel loading dye (25% glycerol, 1mM EDTA, 0.01% bromphenol blue, and 0.01% xylene cyanol) was added, and samples were analyzed by electrophoresis through a 4-20% polyacrylamide gel (Novex) using a Tris-borate buffer system.
32 P-labeled DNA was detected by autoradiography and quantified using a Molecular Dynamics Phosphorimager and ImageQuaNT software (v4.1).
Cleavage was assayed under binding conditions with minor modifications. Potassium acetate was added to a final concentration of 60 mM K ϩ , and reactions were incubated for 15 min at 37ЊC and were not fixed with glutaraldehyde. Products were analyzed by electrophoresis through a 12% polyacrylamide denaturing gel.
2-D Gel Electrophoresis
Binding reactions were run in the first direction (native) through an 0.8 mm thick, 6% polyacrylamide gel using a Tris-borate-EDTA buffer system. Lanes were excised from the gel and equilibrated in denaturing gel buffer (7 M urea, 1 ϫ TBE gel buffer) for 5 min. Gel slices were laid at right angle to the direction of electrophoresis on a 1.5 mm thick, 12% polyacrylamide denaturing gel. In addition, 34 nt (DG10) and 50 nt (DAR39) DNA markers were loaded in parallel lanes during electrophoresis in the denaturing dimension. DNA products were visualized by autoradiography.
Assay for Activity of Preformed SCC
The ability of the SCC to carry out nicking and hairpin formation was assayed in a two-stage experiment. In the first incubation, reactions contained 0.02 pmol 32 P-labeled 12-RSS DNA and 100 ng (total) of RAG1 and RAG2 proteins in reaction buffer containing 60 mM K ϩ and 1 mM Ca 2ϩ . A 500-fold excess of unlabeled 12-RSS competitor was included as indicated. Incubation was at 37ЊC for 10 min. Following the first incubation, a 500-fold excess of competitor and then a second cation were added as indicated, and reactions were incubated at 37ЊC for another 10 min. Since binding complexes Figure 7 . Binding and Cleavage by a Functional RAG1-RAG2 Cleavwere not being assayed directly in this experiment, reactions were age Complex not fixed with glutaraldehyde. Reactions were stopped with loading The figure presents a schematic model for assembly and activity of buffer and products separated by denaturing gel electrophoresis a RAG1-RAG2-DNA complex that is able to perform the sequential as described above. steps of the cleavage reaction. In this model, RAG1 and RAG2 bind the recombination signal, recognizing the conserved heptamer Acknowledgments (hatched box) and nonamer (closed box). Binding by the RAG proteins probably distorts or bends the DNA helix in the vicinity of We wish to thank Marjorie Oettinger for the kind gift of vacciniathe RSS (Ramsden et al., 1996) . Binding is further stabilized by expressed RAG2 protein, and Dale Ramsden and Dik van Gent for interactions between the RAG proteins and the coding-flank DNA.
generously providing oligonucleotides. We also thank our colThis "Stable Cleavage Complex" (SCC) is able to carry out both leagues in the Laboratory for Molecular Biology for advice and valusteps of the cleavage reaction upon the addition of an appropriate able discussions. K. H. is supported by the European Molecular divalent cation. In the presence of Mg 2ϩ or Mn 2ϩ , the SCC nicks the Biology Organization. DNA in one strand, at the 5Ј border of the signal heptamer. In Mn 2ϩ only, the complex can process the nicked intermediates to doubleReceived October 7, 1996; revised November 6, 1996. strand breaks to form hairpin coding ends and blunt signal ends. Cleavage at a single recombination signal results in dissociation of the RAG proteins from the cleaved signal-end product.
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